Abstract We aimed to investigate the differentially expressed long non-coding RNAs (lncRNAs) during the differentiation of human umbilical cord derived mesenchymal stem cells (hUCMSCs) into cardiomyocyte-like cells induced by 5-aza. hUCMSCs were isolated and purified from umbilical cords. After treated with 10 lmol/L 5-Aza for 24 h, hUCMSCs wereas continued to be cultured for 14 days. Comparison of cardiac specific genes and the expression profile of lncRNAs on hUCMSCs between day 14 and day 0 was performed using immunofluorescence staining, immunohistochemistry, Western blot assay, RT-PCR and lncRNA microarray. Results show that well-organized sarcomeric structure and more cTnI and MLC2a staining were seen in hUCMSCs of day 14 after 5-aza-induced compared to those in day 0. Expression of Desmin, Nkx2.5, cTnI and MLC2a of hUCMSCs was much higher on day 14 compared with day 0 (P \ 0.01). 41 differentially expressed lncRNAs were found on day 14 hUCMSCs compared those of day 0 were identified. Among them, 25 upregulated and 16 downregulated. Four out of the five upregulated lncRNAs (P = 0.00035, 0.014, 0.016 and 0.005 for uc010vei.1, X72487, BC064139, AK092074) and four out of the five downregulated lncRNAs (P = 0.038, 0.0014, 0.00026 and 0.004 for X85157, uc007keu.1, AK309872, NR_029399) showed significantly different expressions in further validation using RT-PCR. Our results illustrated that there was a dysregulation of the lncRNA profile during the differentiation of hUCMSCs into cardiomyocyte-like cells, which will provide the foundation for further study of the biological functions and mechanism of lncRNAs in the differentiation of hUCMSCs into cardiomyocytelike cells.
Introduction
At present, mesenchymal stem cells (MSCs) transplantation has been developed as a promising cellbased therapy for the treatment of cardiovascular disease (Faiella and Atoui 2016) . MSCs for medical studies are primarily from bone marrow. But bone marrow-derived MSCs (BMMSCs) have high risk of viral infection and small ex vivo proliferation and differentiation expansion capacity and their use is challenged by a variety of ethical and legal problems, so their application is restrained (Méndez-Ferrer et al. 2010) . Human umbilical cord derived mesenchymal stem cells (hUCMSCs) have many advantages of easy availability, abundance of source and higher proliferation potential. There is evidence that hUCMSCs can be differentiated into cardiomyocyte-like cells under certain culture conditions (Zhu et al. 2015) .
Besides the small ncRNAs (miRNAs), accumulating evidence utilizing high-throughput genomic screens have demonstrated that mammalian genomes produce thousands of long transcripts that have no significant protein coding potential (Orom et al. 2010; Cabili et al. 2011) . These transcripts are defined as long non-coding RNAs (lncRNAs) because these RNA molecules are more than 200 nucleotides long (ENCODE Project Consortium 2012) . In recent years, lncRNAs have risen to prominence because of their central roles in a diverse range of functions in cell biology (Kutter et al. 2012; Klattenhoff et al. 2013 ). Many lncRNAs serve vital molecular functions, including structural or trafficking roles, controlling cell cycle, differentiation, apoptosis, and serving as precursors for smaller RNAs. Although studies showed that an increasing number of lncRNAs are involved in cell proliferation, apoptosis, differentiation, metabolism and that they are critical regulators of cardiovascular commitment from nascent mesoderm (Klattenhoff et al. 2013; Congrains et al. 2012; Thum 2015) , the role of lncRNAs in the differentiation of cardiomyocyte-like cells has not been investigated.
Our previous study showed that hUCMSCs can be differentiated into cardiomyocyte-like cells induced by 5-aza (Zhu et al. 2015; Ruan et al. 2016) . In this study, we initially identified dysregulated lncRNA profile during the differentiation of hUCMSCs into cardiomyocyte-like cells induced by 5-aza using an lncRNA microarray. We subsequently validated the microarray results by real-time quantitative reverse transcription PCR (real-time qRT-PCR) for specific differentially expressed lncRNAs.
Materials and methods

Isolation and culture of hUCMSCs
Umbilical cords were obtained after normal or cesarean term deliveries from three healthy infants at Taizhou People's Hospital in August 2014 with informed written consent from the mothers. The umbilical cords were cannulated and washed three times with PBS to remove blood clots. Then the umbilical cords were cut into 2-3 cm pieces and opened with a scalpel. The Wharton's Jelly was scratched out and the vessels were removed. Thereafter, the Wharton's Jelly was incubated in collagenase/DMEM (GIBCO, NVF0274, Carlsbad, CA, USA)) solution for 24 h. After centrifugation for 10 min, the cell pellet was resuspended and incubated in trypsin at 37°C for 30 min. Finally, the cell pellet was resuspended with the DMEM/F12 (GIBCO, NVF0274, Carlsbad, CA, USA) medium containing 10% FBS (Excell, 10057, Shanghai, China) and cells were seeded in a T75 culture flask.
Detection of the phenotypic characterization of hUCMSCs by flow cytometry analysis As we have described previously (Ruan et al. 2016) , after three passage, hUCMSCs were washed with PBS twice, and digested with a 1:1 mixture of trypsin (2.5 g/L) (Shanghai Seebio Biotech. Inc., Shanghai, China) and EDTA (0.2 g/L) (Gibco-BRL, Bethesda, MD, USA). A suspension of 1 9 10 10 cells/L was obtained by washing with PBS containing bovine serum albumin (20 g/L) (Excell, 10057, Shanghai, China) . A total of 100 lL cell suspension was added to each Eppendorf tube and 20 lL fluorescently labeled anti-human-antibodies against PE-CD34, PE-CD105, FITC-CD44, FITC-CD45, APC-CD90 and FITC-HLA-DR (BD Biosciences Company, Franklin Lakes, NJ, USA) were added respectively. Immunoglobulin G (IgG; isotype control) was added as the control group. The cells were incubated at 4°C for 30 min in the dark, washed twice with PBS, then 200 lL of paraformaldehyde (10 g/L) (Sigma Chemical Co., St. Louis, MO, USA) was added to each tube. Flow cytometry (BD Biosciences Company, San Jose, California, USA) was used to detect the surface markers of hUCMSCs.
Cell induction
Following the third passage, the cells were washed twice with PBS, adjusted to a cell density of 2 9 10 4 / mL, and then seeded in a 24-well plate. After 24 h, 10 lmol/L 5-Aza (SigmaA2385, St Louis, MO, USA) was added and further incubated for 24 h. Then the culture medium containing 5-Aza was removed and the complete culture medium containing RPMI-1640, 10% FBS and 1% penicillin/streptomycin was added. The cells were maintained in culture for 14 day after the treatment. Samples at day 0 and day 14 were harvested for analysis.
Immunofluorescence staining of cardiac troponin I (cTnI) and cardiac myosin light chain 2a (MLC2a) Samples of hUCMSCs at day 0 and day 14 harvested at a density of 1 9 10 4 /mL were naturally air dried on glass slides. Then the cells were washed in PBS and fixed for 15 min with 4% paraformaldehyde. Nonespecific binding was avoided by normal goat working serum (SIG-31170, Shanghai, China) . After that, the cells were incubated for 2-3 h at 37°C with cTnI and MLC2a antibody (Beijing Boaosen Biological Technology Limited Company, bs-0799R, Beijing, China). After washing with PBS, cells were incubated with biotinylated goat anti-mouse IgG (SIG-31170, Shanghai, China) as secondary antibody at 37°C for 1 h, and then washed three times with PBS. The cells were counterstained with DAPI (Beijing Boaosen Biological Technology Limited Company, bs-0799R, Beijing, China) and visualized under a Olympus fluorescence microscope (Olympus, Tokyo, Japan).
Candidate reference genes and primers design
In the present study, the expression stability of 3 normally used reference genes, 18S rRNA,b-actin and GAPDH in hUCMSCs at day 0 and day 14 was evaluated by real-time qRT-PCR. Simply, total RNA was extracted using TriZol (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. 1 lg RNA was used for reverse transcription. Detection of the amplified cDNA was performed using Cycler IQ thermcycler (Bio-Rad, Hercules, CA, USA) with the following cycling condition: (1) 2 min at 95°C, (2) 10 s at 95°C, (3) 30 s at 57°C, (4) 20 s at 72°C, 40 cycles. qRT-PCR was performed using an ABI 7500
Real-time PCR system (Applied Biosystems, Foster, CA, USA) with the following cycling condition: (1) 30 s at 94°C, (2) 40 cycles of 5 s at 94°C, 30 s at 60°C. Calculations of the Ct data variations were analyzed by Cycler IQ software. GeNorm software was used to analysis the value of average expression stability (M). The most stable candidate reference gene was used to verify the relative expression change of target genes between day 0 and day 14 groups. Primers used for PCR are listed in Table 1 .
Detection of cardiac specific genes and proteins expression by RT-PCR, immunohistochemistry, and Western blot assay For immunocytochemical analyses, hUCMSCs were seeded on glass slides and allowed to adhere over night. The following day, the cells were washed with PBS and fixed for 10-15 min with 3% H 2 O 2 . Nonespecific binding was avoided by normal goat working serum. Then the cells were incubated for 2-3 h at 37°C with a mouse cTnI specific-primary antibody or a mouse immunoglobin G1 (IgG1) isotype control antibody (Beijing Boaosen Biological Technology Limited Company, Beijing, China). After washing with PBS, cells were incubated with biotinylated goat anti-mouse IgG (Beijing Boaosen Biological Technology Limited Company, Beijing, China) as secondary antibody. Then horseradish peroxidase (HRP) conjugated with streptavidin was used as detection reagent and finally DAB substrate for peroxidase was used to visualize the antibody binding. For Western blot assay, hUCMSCs on day 0 and day14 after induction were collected and lysed in RIPA buffer (50 mM Tris HCl pH 6.8, 1% Triton 9 100, 0.5% Sodium deoxycholate, 150 mM NaCl, and 5 mM EDTA and protease inhibitor). 350 lL of 0.1 lg/lL protein was extracted and loaded to a 12% SDS-PAGE, then transferred to PVDF membrane. Next, the membrane was incubated with anti-Desmin, Nkx2.5, cTnI or MLC2a antibodies (1 mg/mL) for 2 h at room temperature. The membrane was washed with TBS/T for three times (8 min each time), then incubated with biotinylated goat anti-mouse IgG as secondary antibody for 1 h at room temperature. The membrane was developed using ECL kit and exposed to X-ray film. For RT-PCR, total RNA was extracted using TriZol (Invitrogen) following the manufacturer's instructions. 5 lL of 0.1 lg/lL RNA was used for reverse transcription. Detection of the amplified cDNA was performed using Cycler IQ. The fold-change between day 0 and day 14 hUCMSCs for Desmin, Nkx2.5, cTnI and MLC2a genes was calculated with the (2 -DCT ) method in which DCT = CT target lncRNA -CT reference gene (Schmittgen and Livak 2008) . Primers used for RT-PCR are listed in Table 1 .
LncRNAs microarry analysis
Sample preparation and microarray hybridization were performed by OUTDO Bio-tech (Shanghai, People's Republic of China). The Agilent Human lncRNA (4*180 K, Design ID: 042818) was used in this experiment and data analysis of the 3 samples have been performed. Briefly, total RNA was extracted from the harvested cells using a mirVana extraction kit (Ambion, Austin, TX, USA), following the manufacturer's protocol. Input of 100 ng of total RNA was used to generate Cyanine-3 labeled cRNA, according to the Agilent One-Color Microarray-Based Gene Expression Analysis Low for Input Quick Amp Labeling kit (v6.0). The hybridized arrays were washed, fixed and scanned by using the Agilent DNA Microarray Scanner (part number G2505C).
Data were extracted using Agilent Feature Extraction software (version 11.0.1.1). Quantile normalization and subsequent data processing were performed using the GeneSpring GX v11.5.1 software package (Agilent Technologies). Differentially expressed LncRNAs between the two groups were identified by Fold Change filtering. The threshold set for the upregulated lncRNAs was more than five-fold and for the downregulated lncRNAs more than three-fold. The lncRNAs discussed in this article were carefully collected from the well-known online databases, such as RefSeq, UCSC Knowngenes, Ensembl and many related literature.We downloaded the base-by-base phastCons scores from UCSC (http://genome.ucsc. edu/) and searched the phastCons-predicted conserved elements in each lncRNAs across 46 vertebrates, or their 33 placental mammal subset of species, or their 10 primate subset of species. We calculated the base conservation in each lncRNAs using the criteria that phastCons scores of not less than 0.5 indicate high conservation. 
Validation by real-time quantitative reverse transcription polymerase chain reaction (real-time qRT-PCR)
Total RNA extraction and cDNA transcription were conducted as above. For real-time qRT-PCR, we added 1 lL of cDNA to 12.5 lL of SYBR-Green Gene Expression Master Mix (Applied Biosystems, Foster City, CA, USA), 10.5 lL of DEPC-treated water and 0.5 lL of reverse and forward primers. cDNA was amplified for 40 cycles on the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The most stable candidate reference gene was used to verify the relative expression change of lncRNAs between day 0 and day 14 groups with the comparative cycle threshold (CT) (2 -DCT ) method (Schmittgen and Livak 2008) in which DCT = CT target lncRNA -CT reference gene . The primers sequences used are listed in Table 1. GO and pathway analysis for the differentially expressed lncRNAs Differentially expressed lncRNAs screened by Volcano Plot filtering were further studied with Gene Ontology (http://www.geneontology.org), and KEGG (http://www.genome.jp/kegg) database. Previous studies have shown that mammalian lncRNAs are preferentially located next to genes with developmental functions. For each lncRNA locus the nearest protein-coding neighbor within \ 100 kb was identified. For antisense overlapping and intronic overlapping lncRNAs, the overlapping gene was identified. Pathway and GO analyses were applied to determine the roles of these closest coding genes in biological pathways or GO terms. GO analysis was applied to analyze the main function of the closest coding genes according to the GO database which provides the key functional classifications for the National Center for Biotechnology Information. Gene networks and canonical pathways representing key genes were identified using the curated Ingenuity Pathway Analysis (IPA) database according to KEGG, Biocarta, and Reatome. Generally, Fisher's exact test and v2 test were used to classify the GO category and select the significant pathway, the false discovery rate (FDR) was calculated to correct the P value. The P value cutoff was defined as 0.05.
Statistical analysis
All statistical analyses were performed using the Student's t-test with SPSS software version 13.0 (SPSS, Inc, Chicago, IL, USA). P-values less than 0.05 were considered statistically significant, and all statistical tests were two-sided. All experiments were repeated three times.
Results
Selection of candidate reference genes
The GeNorm software was used to determine the average expression stability for all genes with a threshold expression stability M value of 0.5 to identify reference genes with stable expression. The GeNorm ranking of 18S rRNA, b-actin and GAPDH expression stability on day 0 and day 14 are summarized in Table 2 . As shown, the value of average expression stability of 18S rRNA, b-actin and GAPDH was 0.452, 0.514 and 0.359, respectively, which meant that the sequence of expression stability from higher to lower was GAPDH [ 18S rRNA [ b-actin. Finally, GAPDH was selected as the reference gene in this study.
hUCMSCs differentiation
As shown in Fig. 1 , double immunostaining with cTnI and MLC2a revealed well-organized sarcomeric structure and more cTnI and MLC2a staining in hUCMSCs of day 14 after 5-aza-induction compared to those of day 0 (Fig. 1a) . Results from immunocytochemistry showed that hucMSCs at day 14 after 5-aza induction consistently stained positive for cTnI (Fig. 1b) . Western blot analysis and RT-PCR revealed that the expression levels of Desmin, Nkx2.5, cTnI or MLC2a in day 14 hUCMSCs were significantly increased compared to those in day 0 hUCMSCs (**P \ 0.01, Fig. 1c, d ). All of these results indicated that hUCMSCs had differentiated into cardiomyogenically-induced cells induced by 5-aza after 14 days. The phenotypic characterization of hUCMSCs Flow cytometry analysis revealed that over 95% of the cells stained positive for CD44, CD90 and CD105 on the surface of passages 3 hUCMSCs, whereas, hUMSCs were negative stained for CD34, CD45 and HLA-DR (Fig. 2) .
lncRNA microarray
Microarray is a powerful tool for studying the biological function of lncRNAs and protein-coding transcripts. A total of 214 lncRNAs was calculated as differentially expressed between hUCMSCs on day 0 and day 14 (fold change [ 2, and P \ 0.05). Among them, 149 were upregulated and 65 were downregulated. According to the microarray data, we selected lncRNAs that were upregulated by more than five-fold and downregulated by more than three-fold. In addition, poorly conserved lncRNAs were excluded. The conservation of lncRNAs was determined using the online Basic Local Alignment Search Tool from UCSC (http://genome.ucsc.edu/). Ultimately, 41 differentially expressed lncRNAs that were highly conserved on day 14 compared to day 0 were identified. Among them, 25 were upregulated (Table 3) and 16 were downregulated (Table 4) . We randomly chose five upregulated lncRNAs (uc010vei.1, X72487, Z74666, BC064139, AK092074) and five downregulated lncRNAs (X85157, uc007keu.1, AK309872, NR_029399, NR_033661) for qRT-PCR validation to confirm the microarray results (Table 5 ).
Validation of differentially expressed lncRNAs
We performed real-time qRT-PCR expression analysis between day 0 and day 14 groups to confirm the Fig. 2 The phenotypic characterization of hUCMSCs at P3 using flow cytometric analysis Cytotechnology (2018) 70:1247-1260 1253 microarray results. Using GAPDH as a normalization control, the statistics demonstrated that four out of the five upregulated lncRNAs (P = 0.00028, 0.014, 0.016 and 0.005 for uc010vei.1, X72487, BC064139, AK092074, respectively) and four out of the five downregulated lncRNAs (P = 0.038, 0.0014, 0.00026 and 0.004 for X85157, uc007keu.1, AK309872, NR_029399, respectively) showed significantly different expressions (Fig. 3) . Further more, we validated the ten differentially expressed lncRNAs at different time points during differentiation. hUCMSCs of day 0, day 3, day 5, day 7, day 9 and day 14 were chosen. As shown in the Fig. 4 , the trends of expression during the differentiation are consistent with the comparison between day 0 and day 14.
GO and pathway analysis
The GO project (http://www.geneontology.org) is a collaborative effort to construct and use ontologies to facilitate the biologically meaningful annotation of genes and their products in a wide variety of organisms and is the key functional classification system of NCBI. In our study, the function of the top 10 neighbor coding genes in biological process of the differentially expressed lncRNAs mainly involved is shown in Fig. 5a , cellular component mainly involved in Fig. 5b and molecular function in Fig. 5c .
Ingenuity Pathway Analysis (IPA) was used to identify pathways and gene networks represented among the sets of protein-coding mRNAs identified in the gene expression signature during the differentiation of hUCMSCs into cardiomyogenically-induced cells. In our study, the neighbor gene function of lncRNAs exhibited significant difference between day 14 and day 0 mainly involved the following first ten pathways: (1) calcineurin-NFAT-signaling pathway; (2) Jak-STAT signaling pathway; (3) pentose phosphate pathway; (4) Wnt signaling pathway; (5) cytokine-cytokine receptor interaction; (6) NF-kappaB signaling pathway; (7) Ras signaling pathway; (8) apoptosis; (9) cell adhesion molecules; (10) neuroactive ligand-receptor interaction (Fig. 6 ).
Discussion
Recent evidences have suggested that MSCs can differentiate into cardiomyocyte-like cells in vivo or in vitro and MSCs transplantation is a promising treatment modality to improve heart function in acute myocardial infarction (Madonna et al. 2015; Lee et al. 2014; Rahbarghazi et al. 2014) . Altogether, this suggested that myocytes could be replaced through a process involving cell replication and differentiation. Therefore, hold the potential to become the donor source of myocardial cells for clinical cell therapy in myocardial infarction has become the hotspot in the fields of stem cells transplantation. Umbilical cord is chosen as the optimal choice for harvesting MSCs because of its wide source and fewer ethical concerns. Compared with BMMSCs, hUCMSCs are easier to isolate and expand, which makes it become a novel source of adult MSCs. Therefore, hUCMSCs are a suitable model for studying cardiac differentiation at the molecular and functional levels. In this study, we investigated the effect of 5-aza treatment on the cardiomyogenically-induced cells differentiation of hUCMSCs in vitro we confirmed that hucMSCs can differentiate into cardiomyocytes in vitro in response to 5-aza induction. The myogenic cells that differentiated from hucMSCs in our study had well-organized sarcomeric structure similarities with cardiomyocytes. Notably, the 5-aza-induced cells expressed myogenic and cardiac-specific genes including Desmin, Nkx2.5, cTnI and MLC2a. As known, lncRNAs have been found to exert crucial roles in a series of biological and pathological processes, including genetic imprinting, immune response, tumorigenesis, cellular development and metabolism through conceivable mechanisms (Perry and Ulitsky 2016; Wang and Chang 2011) . In addition, they might have a deep impact in various human diseases, including cardiovascular disorders (Bär et al. 2016; Hinterseher et al. 2011 ). However, there was few reports about the dysregulated lncRNAs related to the differentiation of hUCMSCs into cardiomyocytelike cells.
This study focused on determining the lncRNAs expression profile in the differentiation of hUCMSCs into cardiomyocyte-like cells using microarray and preliminary explore the role of lncRNA in the pathogenesis of differentiation. We identified 41 differentially expressed lncRNAs (25 upregulated and 16 downregulated). In order to confirm whether the differentially expressed lncRNAs profile is more informative and, potentially, a more faithful indicator involved in the differentiation of hUCMSCs into cardiomyogenically-induced cells, we randomly chose five upregulated lncRNAs (uc010vei.1, X72487, Z74666, BC064139, AK092074) and five downregulated lncRNAs (X85157, uc007keu.1, AK309872, NR_029399, NR_033661) for qRT-PCR validation to confirm the microarray results. Real-time qRT-PCR validated four of five upregulated and downregulated lncRNAs, respectively. Our results illustrated significant changes of lncRNAs expression in the differentiation of hUCMSCs into cardiomyogenically-induced cells and dysregulated lncRNAs may play regulatory roles in the the differentiation process, which may provide a comprehensive profile and analysis of lncRNAs transcripts in the differentiation of hUCMSCs into cardiomyocyte-like cells.
The Gene Ontology project provides a controlled vocabulary to describe gene and gene product attributes in any organism. In our study, the main biological processes of the differentially expressed lncRNAs were found to be involved in the development of heart, such as cell differentiation, positive regulation of cell proliferation, regulation of heart growth, mesenchymal cell differentiation, mesenchyme development and cell maturation. Based on our study, the neighbor coding gene of the differentially expressed lncRNAs mainly involved pathways in stem cell differentiation and early embryonic development during the differentiation of hUCMSCs into cardiomyogenically-induced cells. For instance, Calcineurin-NFAT-signaling pathway has a significant impact on cardiomyocyte gene transcription, which in turn can lead to cardiac hypertrophy (Asadi b Fig. 3 Validation of lncRNAs microarray data using real-time RT-PCR. The real-time RT-PCR reactions were repeated three times for every lncRNA. *P \ 0.05, **P \ 0.01, ***P \ 0.001 Fig. 4 The ten differentially expressed lncRNAs at different time points during the differentiation. (Because the relative expression of uc0007keu.1 was much higher than the other lncRNAs, two histograms were drawn for clarity) et al. 2016). JAK-STAT signaling regulates many cellular processes including development, cell proliferation, differentiation, and apoptosis (Yoshimoto et al. 2016) . The Wnt signaling pathway plays a pivotal role in tissue development by controlling stem cell renewal, lineage selection and, even more importantly, heart development (Hlaing et al. 2014) . In summary, in this study, we are the first to report a profile of lncRNAs differentially expressed in the differentiation of hUCMSCs into cardiomyocyte-like cells. It suggests numerous lncRNAs are involved in cell differentiation and provides a background/reference resource for future functional investigations of lncRNAs related to the differentiation of hUCMSCs into cardiomyocyte-like cells. Further studies are necessary to reveal possible biological functions and molecular mechanisms in the differentiation of hUCMSCs into cardiomyocyte-like cells.
